A new and rapid potentiometric method for determination of flucloxacillin is developed. The method involves development of a flucloxacillin sensor with a membrane consisting of Aliquat 336S-flucloxacillin as an electroactive material in poly vinyl chloride matrix membrane plasticized with orthonitrophenyl-octylether or dioctylphthalate. The sensor shows fast, stable and reproducible response over the concentration range of 1.0 × 10 −5 -1.0 × 10 −2 M flucloxacillin with anionic slopes of 60.7 ± 0.3 and 61.2 ± 0.2 and pH ranges of 6-11 and 7-11 for o-nitrophenyloctylether (o-NPOE) and dioctylphthalate (DOP) plasticized based membrane sensors, respectively. The response time of the sensor is stable and fast (7 s). The sensor exhibits high selectivity towards flucloxacillin in presence of amoxicillin, ampicillin, dicluxacillin, pencillin, many anions and drug excipients and diluents. Validation of the method according to the quality assurance standards shows suitability of the proposed sensors for use in the quality control assessment of the drug. Results with average recoveries of 99.6% and 99.7% and mean standard deviations of ±1.2% and ±1.5% for o-NPOE and DOP plasticized based membrane sensors, respectively, of the nominal are obtained which compare fairly well with data obtained using the British Pharmacopoeia method.
Introduction
Flucloxacillin; (2S, 5R, 6R)-6-[[[3-(2-chloro-6-fluorophenyl)-5-methyl-isoxazol-4-yl]carbonyl] amino]-3,3-dimethyl-7-oxo-4-thia-1-azabi-cyclo-[3.2. 0]heptane-2-carboxylate, is a bactericidal antibiotic that has activity against a wide range of Gram-positive and Gram-negative pathogens. It is the best of the antistaphylococcal penicillins. Flucloxacillin and amoxicillin are used together for therapy of a wide range of mixed infections including respiratory tract, ear, nose and throat, gastro-intestinal, genito-urinary tract and skin and soft-tissue infections. On the other hand, there are several methods available in the literature for the quantification of flucloxacillin including high performance liquid chromatography [1] [2] [3] [4] [5] 23] , thin layer chromatography [6] , spectrophotometry [7] [8] [9] , IR and raman spectrometry [10] , nuclear magnetic resonance spectrometry [11] , and polarography [12] . The British Pharmacopoeia method [13] , for assay of flucloxacillin that involves liquid chromatography requires several manipulation steps. These methods require sophisticated instruments, expensive reagents and involve several manipulation steps and derivatization reactions. Determination of drugs using potentiometric sensors is an attractive approach. They offer high sensitivity, fast response, automation feasibility, reasonable selectivity, applicability to turbid and coloured solution and cost effective [14, 15] . However, no sensor or potentiometric method for quantification of flucloxacillin has been described so far.
In the present paper, potentiometric PVC matrix membrane sensors for quantification of flucloxacillin were developed, based on the use of Aliquat 336Sflucloxacillin ion-pair as a novel electroactive material incorporating in poly (vinyl chloride) matrix membranes plasticized with either o-nitrophenyloctylether or dioctylphthalate. The sensor exhibited high selectivity and sensitivity towards flucloxacillin over amoxicillin which is often present with the former in the same dosage forms. The sensor offers a new, fast and accurate method for routine quality control analysis of flucloxacillin in various pharmaceutical preparations.
Materials and methods

Reagents
All chemicals used were of analytical reagent grade unless otherwise stated and doubly distilled deionized water was used throughout. Aliquat 336S (tricaprylylmethylammonium chloride) and tetrahydrofuran (THF) were obtained from Aldrich Chemical Co. (Milwaukee, USA). Poly (vinyl chloride) (PVC) (Breon S 110/OP) was obtained from BP Chemicals International (Barry, UK). o-Nitrophenyloctylether was purchased from Fluka (Buchs, Switzerland) and dioctylphthalate was obtained from BDH (Poole, England). Pure flucloxacillin was provided by Egyptian Int. Pharmaceutical Industries Co. (E.I.P.I.Co) (Egypt). Dosage forms containing flucloxacillin were obtained from local drug stores. Sodium sulphate solution (0.01 M) and ionic strength of the solution was adjusted using borate buffer pH 8. Standard solution of flucloxacillin (0.01 M) was prepared in the ionic strength adjustor background and used throughout unless otherwise stated.
Apparatus
Electrochemical measurements were made at room temperature (25 ± 1 • C) with a PTI-15 digital pH metre using Aliquat 336S-flucloxacillin PVC matrix membrane sensors in conjunction with an EIL type RJ 23 calomel reference electrode. A glass/Ag-AgCl combination electrode (consort, S 210 B BB5) was used for pH measurements. The ISE internal filling solution was a 0.01 M flucloxacillin solution.
Preparation of Aliquat 336S-flucloxacillin ion-pair
Aliquat 336S (0.404 g) was dissolved in 20 ml of methylene chloride in a 500 ml separating funnel. 50 ml of 10 −2 M pure flucloxacillin was added to the methylene chloride solution ten times with continuous shaking. The mixture was shaken for 1 h and the two phases were allowed to separate. The organic phase was washed five times each with 10 ml of deionized water to remove excess Aliquat 336S, dried with anhydrous sodium sulphate, filtered off, evaporated under vacuum to remove methylene chloride and stored in a bottle.
Flucloxacillin PVC membrane sensor
The method for preparing PVC membranes and their assembly into the sensor is as described previously [16, 17] . The quantities for materials used were Aliquat 336S (40 mg), o-nitrophenyloctylether or dioctylphthalate (360 mg) and PVC (170 mg). The sensor was conditioned by soaking in 0.01 M flucloxacillin solution for at least two days before use and stored in the same solution when not in use.
Sensor calibration
The sensor was calibrated by spiking with successive aliquots of standard solution into a 10 −5 mol l −1 solution of the calibrant. Alternatively, the calibration was carried out by immersing the sensor into 50 ml-beakers containing 20 ml aliquots of standard 1.0 × 10 −5 -1.0 × 10 −2 M flucloxacillin solutions starting from low to high concentrations. The e.m.f. was recorded and plotted as a function of the logarithm of the flucloxacillin concentrations. The calibration graph was used for subsequent measurements of unknown flucloxacillin concentrations.
Selectivity coefficient determination
Potentiometric selectivity coefficient (k pot Flucl.,B ) values were determined using the separate solution method [18] according to the equation:
where E Flucl. and E B are the response potentials of the sensor for flucloxacillin and interferent, B, respectively at 10 −2 M and S is the sensor slope. 
Method validation
Electroanalytical method validation is the process used to confirm that the determination procedure employed for a specific test is suitable for its intended. Accuracy, precision, linearity, specificity and limits of detection (LOD) and quantification (LOQ) were achieved according to ICH Q2(R1) recommendations [24] using a standard flucloxacillin stock solution.
Determination of flucloxacillin in pharmaceutical preparations
Contents of five capsules of the drug were poured into a small dish and an accurately weighed portion equivalent to one capsule was dissolved in a least amount of doubly distilled deionized water and filtered into a 50-ml volumetric flask. The contents of five ampoules of the drug were mixed, shaken and a 3 ml aliquot of the mixture was transferred into a 50-ml volumetric flask. A 5 ml aliquot of the oral suspension after a good shaking was quantitatively transferred into a 50ml volumetric flask. The solutions in each case were diluted to the mark with the ionic strength adjustor and shaken. An aliquot (20 ml) of each solution was transferred to a 50-ml beaker and flucloxacillin sensor in conjunction with a calomel reference electrode were immersed in the solution. The potential of the sensor was measured and compared with the calibration graph. Alternatively, the potentials were measured before and after addition of 1.0 ml of 10 −2 M standard flucloxacillin solution to the test solution and the unknown concentration was calculated using the standard addition method [19] .
Results and discussion
Plasticized PVC matrix membrane sensors incorporating Aliquat 336S ionophore were prepared with suitable solvent mediators and electrochemically evaluated as flucloxacillin sensor under static mode of operation according to IUPAC recommendations [18] . Aliquat 336S has high exchange capacity, lipophilicity and ability to form counter-ions with many organic anions that differ in their stabilities and selectivities [20] .
Performance characteristics of the sensor
The membranes were prepared using casting solutions of composition 7:63:30 wt% Aliquat 336S ionophore, o-nitrophenyloctylether or dioctyl-phthalate and PVC, respectively. The two plasticizers used have various dielectric constants. The sensor was soaked in flucloxacillin solution for two days before use then tested as flucloxacillin sensor.
The performance characteristics of the based membrane sensors, based on data collected over a period of six months for the two based membrane sensors show high reproducibility and are given in Table 1 . It was found ( Fig. 1) for o-NPOE and DOP based membrane sensors, respectively. The response times of the o-NPOE and DOP based membrane sensors for 10 −3 M flucloxacillin solution were instantaneous (7 and 9 s, respectively). Both plasticized based membrane sensors displayed constant and stable potential readings within ±0.5 mV from dayto-day and the slope did not change by more than 0.8 mV decade −1 over a period of approximately 11 weeks. The useful life spans of the sensor were 11 and 10 weeks for o-NPOE and DOP based membrane sensors, respectively. After that, the calibration slope and the linear range of the response gradually decreased probably due to leaching of the ion-pair from the membranes, therefore, the membranes should be renewed.
Effect of pH
The influence of pH on the potentiometric response of flucloxacillin PVC matrix membrane sensors was studied using 10 −3 and 10 −2 M flucloxacillin solution (prepared without addition of borate buffer solution).
The pH was adjusted by addition of few drops of dilute hydrochloric acid or sodium hydroxide solution as appropriate. From pH-potential profiles (Fig. 2) it is obvious that, the potential readings for both plasticized based membrane sensors are constant over the pH range ∼6.5-11, within this pH range the flucloxacillin is completely ionized, dissociated and sensed as a monovalent ionic species. At higher flucloxacillin concentration ≥10 −2 M, the potential readings decreased for both plasticized based membrane sensors, due to the progressive precipitation of the acidic form of the drug. With 10 −3 mol l −1 flucloxacillin solution for both plasticized based membrane sensors and at pH value lower than 6, the potential readings increased due to the interference by H + ions. At pH values > 11 a slight decrease in the potential for both plasticized based membrane sensors was noticed.
Effect of foreign ions
The potentiometric response of the flucloxacillin sensor was examined in the presence of amoxicillin antibiotic which is often present with the flucloxacillin in the same dosage forms. The response was also examined in the presence of ampicillin, dicluxacillin, penicillin, and a number of organic and inorganic anions. The potentiometric selectivity coefficients (k pot Flucl.,B ) were determined using the separate solution method [16] , and Table 2 Potentiometric selectivity coefficients (k used for evaluating the degree of interference. The results obtained ( Table 2 ) reveal that flucloxacillin is accurately determined in the presence of 60-fold molar excess of amoxicillin without interference. The results also show reasonable selectivity towards flucloxacillin over ampicillin, dicluxacillin, penicillin, and many organic and inorganic anions. Pharmaceutical excipients and diluents commonly used in drug formulations (e.g. glucose, lactose, maltose, mannitol, starch, talc powder and magnesium stearate) at concentrations as high as 300-fold molar excess over flucloxacillin did not interfere. The o-NPOE based membrane sensor was, in general, more selective than that utilized DOP plasticizer.
Determination of flucloxacillin in dosage forms
The validity of the flucloxacillin PVC matrix membrane sensors for the quantification of flucloxacllin was assessed by determining 5 g ml −1 -4.9 mg ml −1 standard flucloxacillin sodium solutions using the calibration graph and the standard addition methods. The results obtained show an average recovery of 99.7% and a mean standard deviation of 0.3% (n = 5) with both plasticized based membrane sensors. Flucloxacillin was also determined in different dosage forms (capsules, oral suspensions and ampoules) and the results obtained are shown in Table 3 . Average recoveries of 99.6% and 99.7% of the nominal, and mean standard deviations of 1.2% and 1.5% were obtained with o-NPOE and DOP based membrane sensors, respectively. A comparison of the results with data obtained using the British Pharmacopoeia method [13] , involving HPLC reveals good agreement between both results (Table 3 ). An F-test revealed that there was no significant difference between the means and variances of the two plasticized based membrane sensors results. Based on running duplicates, control charts (R and X) were prepared for monitoring the drugs [21, 22] . The distribution of measurements and range of determination under investigation indicated that it was under statistical control. Validation of the proposed potentiometric method for determining the drug was made according to ICH Q2(R1) recommendations [24] by measuring the range, lower limit of detection (LOD), accuracy (recovery), precision (σ), repeatability (CV w ), between-day-variability (CV b ) and linearity and sensitivity (slope).
Results obtained on six batches (six determination each) using the quality assurance standards are depicted in Table 1 . These data render the proposed potentiometric method applicable for quality control of drug formulations.
Conclusion
The developed flucloxacillin potentiometric PVC matrix membrane sensors offer a new, rapid, simple and selective method for quantification of flucloxacillin in various pharmaceutical preparations. The developed method has the advantages of high sensitivity, reproducibility and direct quantification of flucloxacillin without any pretreatment steps.
